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Abstract 

We have constructed a counterpropagating optical tweezers setup embedded in a Sagnac interfer¬ 
ometer in order to increase the sensitivity of position tracking for particles in the geometrical optics 
regime. Enhanced position determination using a Sagnac interferometer has previously been described 
theoretically by Taylor et al. [Journal of Optics 13, 044014 (2011)] for Rayleigh-regime particles trapped 
in an antinode of a standing wave. We have extended their theory to a case of arbitrarily-sized particles 
trapped with orthogonally-polarized counterpropagating beams. The working distance of the setup was 
sufficiently long to optically induce particle oscillations orthogonally to the axis of the tweezers with 
an auxiliary laser beam. Using these oscillations as a reference, we have experimentally shown that 
Sagnac-enhanced back focal plane interferometry is capable of providing an improvement of more than 
5 times in the signal-to-background ratio, corresponding to a more than 30-fold improvement of the 
signal-to-noise ratio. The experimental results obtained are consistent with our theoretical predictions. 
In the experimental setup, we used a method of optical levitator-assisted liquid droplet delivery in air 
based on commercial inkjet technology, with a novel method to precisely control the size of droplets. 


1 Introduction 


The techniques of optical levitation and optical tweezers were introduced by Ashkin et al. in 1971 and 1986, 
respectively |^|^. In optical levitation, a weakly focused, vertically aligned laser beam creates an optical 
pressure force on a dielectric particle which can become sufficiently strong to compensate gravity. A weak 
gradient force provides stability in the horizontal plane, creating a stable trap [^. Optical levitation does 
not require high numerical apertures (NA) for trapping. Its main advantage, thus, is the large working 
distance of the focusing optics. This property has been used, for example, to determine the electric charge 
of levitated oil droplets 
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In single-beam optical tweezers, on the other hand, a tightly focused beam is used to create a purely optical 
three-dimensional trap that, unlike the case of optical levitation, does not require any external forces for 
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single-beam optical tweezers is the high numerical aperture required for trapping, which severely reduces the 


working distance of the focusing microscope objective or lens 14 


An optical tweezers setup can also be counterpropagating, i.e. composed of two beams that propagate in 
opposite directions. Several implementations of such setups exist. The most commonly used implementation 
of this method consists of two opposite-travelling trapping beams focused into the same focal point by a 
pair of lenses 18 . This arrangement permits to reduce the required NA for successful trapping and thus, 


increase the working distance of the focusing optics 17 . This is the implementation that will be considered 
in the rest of this work. Alternatively, fiber-based counterpropagating tweezers have been realized, where 
two optical fibers were facing each other at a distance of a few hundred micrometers [^. This arrangement 


has been used, for example, to non-destructively stretch individual living cells 10 


One of the most important properties of optical tweezers is that they offer the possibility of precisely 
measuring the position of a trapped particle. For example, the stepping motion of a single molecule could 
be resolved into individual steps by integrating a Wollaston prism-based interferometer into an optical 
The method that is most commonly used for tracking the position of a particle in optical 


tweezers 
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tweezers is the back focal plane (BFP) interferometry in which the back focal plane of the condenser lens is 
imaged onto a quadrant photodiode detector (QPD) [^. While the back focal plane interferometry allows 


for subnanometer resolution in the tracking of micron-scale particles 16 , it is subject to shot noise as any 


other optical method of measurement. This ultimately limits the resolution of position measurements for 
particles of any size. The limiting effects of shot noise on position measurement of Rayleigh-regime particles, 
i.e. particles much smaller than the wavelength of the trapping light, were shown theoretically by Taylor et 
al. 23 . There, the particle was assumed to be trapped in an antinode of the standing wave produced by 


same-polarization counterpropagating beams. 

By embedding a counterpropagating setup into a Sagnac interferometer, it is possible to selectively 
attenuate the trapping held, while preserving the asymmetrical held components that carry information 
about the position of the particle. This increases the signal-to-background ratio and consequently, the 
signal-to-noise ratio, as shown theoretically in 23 by Taylor et al. for the case of Rayleigh scatterers. 

There are many applications of counterpropagating optical tweezers that use particles with sizes compa¬ 
rable to or larger than the wavelength of trapping light, being either in the Mie or the geometrical optics 
There, the trapping is normally achieved with orthogonally polarized counterpropagat- 
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regimes 

ing beams to avoid the formation of a standing wave that would lead to a periodically varying trapping 
potential. With minor modihcations, this class of applications could benefit from the increase of position 
measuring sensitivity offered by embedding them into a Sagnac interferometer. To address this possibility, 
we generalized the theory by Taylor et al. 23 to arbitrary-size spherical particles in a setup where the 


counterpropagating beams are orthogonally polarized. After that, we confirmed the enhanced signal-to-noise 
ratio experimentally, continuing our previous work . The reflections from the particle itself were shown to 
be detrimental to the signal-to-noise ratio by Taylor et al. 23 . In our setup they are successfully eliminated 
by polarization filtering in the interferometer. 

As a second aspect, we implemented a technique for high-efficiency, single-droplet generation in air based 
on a commercial inkjet cartridge |19| with a novel evaporation-based diameter adjustment method that 
allowed us to create droplets with precise control of their size. The trapping was greatly simplified by 
using levitator-assisted particle delivery into the optical tweezers [7 11 . This allowed us to create and trap 


droplets one-by-one, in contrast to nebulizer-based methods 20 . The long working distance (WD) of the 


aspherical lenses used for the optical tweezers simplified optical access to the trapped particle from a direction 
perpendicular to the optical axis of the tweezers. This allowed us to optically induce transverse oscillations 
of the trapped particle by applying a modulated “side-pressure” laser beam aligned orthogonally to the 
trapping beams. These particle oscillations served as a reference for signal-to-background measurements. 
The obtained experimental results closely matched our theoretical predictions. 
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2 Experimental setup 

2.1 Optical levitator 

The light in the optical setup is generated by a DPSS green laser module (Laser Quantum, 532 nm, 2 W 
maximum power). The output beam is split by a polarizing beamsplitter into two beams (PBS in Fig. [^, 
where the split ratio is controlled by rotating the half-wave plate HWl. The transmitted part of the beam 
is guided into the optical tweezers system shown in Fig. while the reflected part is guided into the optical 
levitation system, entering from below in Fig. 



Fig. 1: The optical setup of the optical tweezers subsystem. After passing through the HWl half-wave 
plate and the polarizing beamsplitter PBS, the incoming light beam is split, so that chosen parts of 
it go into the optical levitator subsystem (not shown) and into the optical tweezers snbsystem. The 
latter beam is then split by the non-polarizing beamsplitter NBS into two counterpropagating beams. 
The HW3 half-wave plate rotates the polarization of the connterclockwise beam (CCW) to guarantee 
orthogonal polarizations between the CW and the CCW beams in the trapping point (marked by an 
arrow) between the aspherical lenses LAI and LA2. The glass plate G serves to selectively attenuate the 
CCW beam, redirecting a part of it onto the beam dump BD2. The CW and CCW beams recombine at 
the NBS beamsplitter and the interference pattern is filtered by the polarizer P to remove any reflections 
from the optical system. The lens LI focuses the back focal plane of LAI and LA2 onto the quadrant 
photodiode detector QPD. At the same time, the light retnrning back to the laser is reflected by PBS onto 
BDl. Additionally, HW2 compensates for the phase shift between the orthogonal polarizations, cansed 
by reflections from the mirrors Ml, M2 and M3. 


The vertically directed optical levitator beam (marked as “LEV” on Fig. [^, is focused by a lens with a 
focal length of 100 mm. The optical setup is configured to place the focal point of the levitator beam about 
2 mm below the optical tweezers’ trapping point (Fig. [^. With this arrangement, the stable trapping point 
of the levitator (using 1000 mW of laser power) is localized approximately 2 mm above the focal point of 
the optical tweezers (Fig. 3(a)). The waist diameter of the Gaussian levitation beam was calculated to be 
17 /rm. 
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Fig. 2: A schematic close-up of the trapping point together with the glass cell. The cartridge (gray box) 
generates droplets that descend vertically through the levitation beam (LEV) until they are trapped in 
the counterpropagating optical tweezers beams (TW), where they are perturbed horizontally by a TTL- 
modulated side-pressure laser (SP). The top glass plate is tilted to direct the Fresnel reflections (LEVr) 
out of the cell. 



(a) Particle just trapped in the lev- 
itator. 



(b) Particle being lowered by de¬ 
creasing the levitator power. 



i . » 4 mm 

> • 


(c) Particle trapped in the counter- 
propagating optical tweezers with 
the levitator fully attenuated. 


Fig. 3: Photographs of successive steps of trapping a single levitated glycerol particle. Aspherical lenses 
(not visible) are mounted at the inner ends of the left and the right metallic cylinders. 


That way, it is possible to modify the vertical position of the particle by changing the light power coupled 
into the levitator, i.e. by changing the split ratio for the PBS beamsplitter. The power in the levitator is 
then reduced, which leads to an increase of the power in the optical tweezers. This effectively lowers the 
droplet until it descends into the trapping point of the counterpropagating optical tweezers (Fig. |3(b)[ ), 
where it is stably trapped. After that, all the light is coupled into the optical tweezers (Fig. 3(c)|). 


2.2 Optical tweezers 

The p-polarized beam from the laser enters the non-polarizing beamsplitter NBS where it is split into one 
clockwise (CW) and one counterclockwise (CCW) beam. The CCW beam becomes s-polarized after passing 
through the half-wave plate HW3, whose axis is rotated at 45° to the horizontal plane. After that, the glass 
plate G, tilted at approximately Brewster’s angle, reflects a part of the CCW beam, which is dumped in 
the beam dump BD2. This is used to compensate for any power imbalance between the CW and CCW 
beams caused by the NBS beamsplitter (Thorlabs BSW26). Then, after reflecting on the mirror M3, the 
beam passes through the aspherical lens LA2 (Thorlabs/Geltech C330TMD-A), where it is focused onto the 
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particle. The lenses LAI and LA2 are aligned to make their focal points coincide in a single spot, which will 
be the trapping position for the particle. After passing through the particle, the beam is collimated again by 
the lens LAI (Thorlabs/Geltech C330TMD-A). The focused cone of light has a numerical aperture of 0.30. 

The CW beam, on the other hand, passes through the half-wave plate HW2 (that does not alter the beam’s 
polarization), the aspherical lenses and then through the glass plate G. Since this beam is p-polarized, and 
the angle of G is close to Brewster’s angle, only a slight fraction of this beam is reflected. In this way both 
beams have the same power not only at the trapping point, but also when ’’meeting” at NBS. Finally, the 
GW field passes through HW3 which converts it from p-polarized to s-polarized. 

Therefore, both the CW and CCW beams are s-polarized when combined again at NBS. Note that the fast 
axis of the half-wave plate HW2 is horizontal and thus, the waveplate simply compensates for the additional 
TT phase shift between the different polarizations caused by the mirrors and the HW2 waveplate. Otherwise, 
the additional tt phase shift between the beams would lead to an interchange between the location of the 
light port with the dark port of the interferometer. 

After recombining at NBS, the beams interfere constructively when travelling back towards the laser 
and interfere destructively when travelling towards the quadrant photodiode detector (QPD), thus creating 
the so-called “dark port” of the interferometer. There, since all the reflected light returning to the NBS 
beamsplitter is p-polarized, a polarizer (P) eliminates nearly all the light that was reflected, either from the 
surface of the particle or from the optical components of the setup. Finally, a lens (LI) images the back 
focal planes of both lenses onto the QPD. 

A Sagnac interferometer usually creates a severe backreflection problem because of constructive inter¬ 
ference in the beam returning to the laser. However, in this setup the backreflected beam is polarized 
orthogonally to the input beam, and it is thus possible to filter all the backreflected light in the PBS polar¬ 
izing beamsplitter, directing it to the beam dump BDl instead. 

In order to compare the performance of the Sagnac-enhanced position sensing to the usual back focal 
plane interferometry method, we take advantage of a ghost reflection from the NBS beamsplitter. This ghost 
reflection is a highly attenuated sample of the CW-propagating beam only, which corresponds to traditional 
BFP measurements. Additionally, this reflection propagates at a slight angle (« 0.5°) to the main beam 
(“dark port beam”), which makes it possible to separate it. Therefore, by blocking the dark port beam and 
opening the ghost reflection beam (or vice versa), it is possible to conveniently “switch“ between the two 
modes of operation (traditional BFP and Sagnac-enhanced BFP), while using the same imaging lens (LI). 


2.3 Droplet generation using an inkjet cartridge 


We have constructed a system for generating droplets of controllable size using a commercial inkjet cartridge 
(Hewlett-Packard C6614). The system is based on some of the methods demonstrated in 11 19 . Our 


technique of droplet size control consists of filling the cartridge with a 5% solution of glycerol in water. 
While the diameter of the particles emitted by the cartridge was measured to be a nearly constant 34 
fj,m [19|, the quick evaporation of water from the falling droplets reduces the diameter to 11 ± 1 /im in 


average (the measurement procedure is discussed in section 2.6). This size is more suitable for trapping due 
to the lower mass, while still being much larger than the wavelength of trapping light. 

The cartridge is positioned out of line of the vertical levitation laser beam in order to avoid the high- 
intensity light from reaching the cartridge surface, which would create serious convection flows in the cell 
and damage in the cartridge itself. In order for the droplets to reach the levitator beam, the cartridge is 
tilted at an angle of approximately 45° with respect to the horizontal plane (Fig. [^. In this geometry, the 
ejected droplets fly 3-5 cm at an angle of 45° before reaching their terminal velocity, which allows them to 
reach the levitation beam and descend vertically afterwards (Fig. |^. With proper protection against air 
currents, the droplets fall predictably into the focal region of the levitation beam where the optical pressure 
is sufficient for stable levitation. 
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Fig. 4: A photograph of the trapping cell during operation. Droplets are continuously generated by the 
inkjet cartridge (not shown). Several droplets (bright dots in the upper ellipse) can be seen descending 
through the levitator beam towards the trapping point of the optical tweezers (inside the lower circle). 


2.4 Trapping cell 

The main purpose of the trapping cell is to shield the droplets from external air currents. Additionally, it 
allows the levitation light beam to pass through the setup without reflecting it back into the cell, which 
would create convection flows. This is achieved by tilting the upper glass plate 45° (Fig. to allow the 
Fresnel reflections (marked as ”LEVr“ in Fig. to be deflected, and placing a beam dump outside the cell. 
The cell is sufficiently tall to guarantee the full evaporation of the solvent (water) in the particles, allowing 
them to achieve the desired diameter prior to trapping. The trapping cell is constructed with microscope 
slides supported by the optical cage system that is also holding the lens assembly, as shown in Figs. |^and|^ 

2.5 Horizontal pressure laser 

The system to induce horizontal oscillations of the trapped particle is conceptually similar to the optical 
levitator described above. A separate DPSS laser (532 nm, 200 mW) is controlled by a Pulse Width 
Modulated (PWM) signal with a given frequency (0-10 kHz) and a controllable duty cycle. Its output is 
steered and focused horizontally onto the trapped particle (marked as ”SP“ in Fig. [^. The beam waist is 
deliberately located slightly behind the particle in order to reduce the total optical force produced by the side 
beam. The Airy-like diffraction pattern produced after passing through the trapping point with a trapped 
particle (Fig. indicates that the beam is incident on the particle, thus confirming the correct alignment. 

The oscillations induced by this system are monitored using a quadrant photodiode detector (QPD in 
Fig. §. 

2.6 Particle size measurement 

In order to measure the trapped particle size, we use the ’’side-pressure" beam at low power and record 
the resulting diffraction pattern (Fig. [^. In the geometrical optics regime and for small diffraction angles, 
the pattern produced by a dielectric sphere is very similar to an Airy pattern, i.e. the diffraction pattern 
produced by a circular aperture of the same diameter [^. The distances between the minima can be then 
easily linked to a size estimate for the particle [^. 
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Fig. 5: Airy-like pattern produced by the side-pressure laser passing through the trapped particle (inverted 
colors) and recorded at a distance of 10.5 cm from the trapping spot. The bright central spot is unscattered 
laser light and the thin vertical stripes are markings on the surface of the screen for scale calibration. 


3 Theory 


3.1 Assumptions and definitions 


The experiment proposed in 23 by Taylor et al. assumes the trapped particle to be a Rayleigh scatterer, 
i.e. a dielectric particle significantly smaller than the wavelength of the trapping light. We generalize their 
theory to a case of a homogeneous spherical particle of arbitrary size. 

The time dependence of the fields is dropped. A coordinate system is defined for each beam to have z 
along the beam propagation (with different signs for the CW and CCW beams), y pointing out of the plane 
in which the interferometer is located (for example, a plane parallel to the optical table) and x = y x z. 
Additionally, we drop the y-component dependence of the fields, i.e. y) = 4>{x) since we investigate only 
the signal improvement in the a;-direction. For a compact and clear notation, we describe the propagation of 
the fields through the system with operators, following the method introduced in [^. For example, to handle 
the reflections, we define P to be the parity operator such that at every reflection (f)'{x) = P(j){x) = cj){—x), 
where </> and </)' are the light fields before and after the reflection respectively. This approach allows us to 
consider the scattering of incident light by a particle simply as operators acting on the input field. In our 
case, it is not necessary to know the exact form of these operators, which makes it possible to consider 
particles of general size. 

We assume that the incoming field amplitude distribution (pQ is symmetric, i.e. Ppo = (po-: and the field 
is p-polarized. Additionally, as mentioned before, the backscattered light from the particle is effectively 
canceled by the polarizer P, so we can ignore it completely in our analysis. 


3.2 Beam propagation 

We define Li and L 2 to be the distances between the beamsplitter and the lens assembly for the CW and 
CCW beams, respectively. Additionally, k is the wavenumber for the trapping light, defined as k = 27r/A, 
with A being the corresponding wavelength. Then, after passing through the beamsplitter and propagating 
to the lens assembly as shown in Fig. the clockwise and the counter-clockwise fields {pew and peew) travel 
a distance of Li and L 2 respectively. Thus, they become 


4>'cw = -rpeyiY){ikLi)pQ 

i’ecw = tpfs exp{ikL2)po , ( 1 ) 

where we used the symmetry of po and defined field reflection and transmission coefficients Xp = ^/Rp, 
tp = \/T^. Here Rp and Tp are the intensity reflection and transmission coefficients of the beamsplitter for 
the p polarization and fs = y/Fs with Fg being the intensity transmission coefficient of the glass plate G for 
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the s polarization. In this and all of the following expressions, the subscripts s and p indicate the polarization 
for which a given coefficient is applicable. Note that the negative sign before Vp is due to the fact that CW 
beam is reflected from a hard boundary (the beamsplitter). 

After interacting with the particle, the light is scattered both forward and backward, given by the 
operators F[xp\ and where Xp is a parameter that denotes the position of the particle along the x 

axis. These operators are defined so that after interacting with the particle, the fields become: 


4’cw ~ ^\^p\4>CW T 

€cw = F[-XpWccw + B[Xp](l)'^^ . ( 2 ) 

A crucial detail is that the direction of x for the CW field is opposite to that of the CCW field, which is the 
reason for the different signs of Xp. 

The CW and CCW beams are assumed to pass through m and n mirrors respectively after interacting 
with the particle. The CW and CCW beams then propagate for an additional distance of L 2 and Li 
respectively. After the fields join at the beamsplitter, the field in the dark port becomes 


(j)d = exp(iA:L2)P™+^(/pr^i^[xp](/>(,^ + fsrpB[-Xp](t>'^^J+ 

+ eiLp{ikLi)P'^{t,F[-Xp\(t)'^^^ + tpB[xp\(t)'^J , (3) 

where the exponent (m + 1) is due to an additional reflection from the beamsplitter. The coefficients r^, 
ts and fp are defined analogously to Eq. Q. Note that, in this case, all the reflections occur inside the 
beamsplitter, so there are no additional sign changes for the fields. 

The experiment is set up to ensure equal power in the CW and CCW fields in the trapping point, or 
equivalently, Xp = tpfg = A. In addition, the backscattered light is filtered by the polarizer P. Then, after 
simplification and expansion, Eq. ([^ becomes 

(t>d = A exp(jfcL 2 ) exp(iA:Li) {-rsfpP'^^'^F[xp] + tsP'^F[-Xp]) (/)o . (4) 

There, the common exponential phase factor exp(ifcL 2 ) exp(ifcLi) is due to the fact that in a Sagnac in¬ 
terferometer, both the CW and CCW beams travel the same distance. Additionally, since the beams are 
incident at nearly Brewster’s angle onto the glass plate G, we can assume that /p « I, so we will drop it in 
following expressions. 

We suppose that the relation PF[—Xp\ = F\xp\ is satisfied, which is valid in particular when the particle 
is a homogeneous sphere and is trapped in the focal plane. Then, Eq. 0 can be simplified to be 


= A exp (ik(Li + L 2 )) ((ts - rs)Fs + ((-l^Xs - (-I)”G)F,) , 


(5) 


where, without any loss of generality, we have rewritten the operators in terms of their symmetric and 
antisymmetric parts: F[xp] = F = F^ + Fg and B[xp\ = B — B^ + Bg- The subscripts indicate symmetry, 
i.e. PFg = Fg and PFa = -Fa. 

From Eq. ([^ it can be seen that, in order to obtain constructive interference for the antisymmetric part 
of the forward scattered field, the total number of mirrors, (m -I- n), must be odd, which is a general result 
for the forward scattered field. 

In the particular case of a Rayleigh scatterer trapped at an antinode of the standing wave in the trapping 
plane, as studied by Taylor et al. 23 , the forward scattering is the same as the backward scattering. 


Additionally the polarization is assumed to be the same through the setup, so we can write Xg = Tp, tg = tp, 
/p = /s = 1- When these hypotheses are applied to the Eq. the resulting expression becomes 


4>d-ray = “ exp(2ifcLi)(- x'^)Fg -I- (t -I- xfFa)4)0 , 

which corresponds to the result of Taylor et al. [23| , thus confirming our approach. 


(6) 



3.3 Signal enhancement 

The signal-to-noise ratio is typically defined as the ratio between the variance of the signal and the variance 
of the noise: 


SNR = 


signal) 

Var(i^ojse) 


(7) 


Following Taylor et al. 23 , we notice that the laser powers often used in optical trapping experiments exceed 


greatly the saturation threshold of commercial QPD detectors. In our case, we use the a QP50-6 QPD by 
First Sensor which has a saturation threshold of approximately 1 mW. Therefore, the light field in the dark 
port has to be attenuated to an average power level slightly below the saturation threshold. This level has to 
be such as to avoid saturating the detector with the signal maxima. Then, the comparison between Sagnac 
BFP and traditional BFP should be performed by assuming equal average power incident on the QPD, which 
is equivalent to: 


'^background—bfp — '^background—sagnac — ^background : 

where we used the assumption that the average position signal level is always zero, i.e. 


( 8 ) 


'^total — '^background '^signal — '^background • 


(9) 


Since the optical shot noise is a function of average light power incident on the detector, and the average 
light power in our comparison is the same both for Sagnac and traditional BFP, we have 


SNRs 


SNRtfp = 


signal — sagnac) 

Var(f^ozse) 

^{i signal —bfp) 




( 10 ) 


where inoise is the intensity signal associated with the noise, while isignal-sagnac and isignai-bfp are, respec¬ 
tively, intensity signals associated with the particle position. 

In our case, it will be useful to define the signal-to-background ratio (SBR) as follows: 

SBR^ = ^ 

'^background 

which is equivalent to: 


Finally, we obtain 


^Bri^isignal) — (^SBR * ibackground) 


( 12 ) 


^ ^ ^sagnac 

SNRtfp 


f SBRsagnac X 

SBRbfp ) 


(13) 


Therefore, the measurements that presented in this work can be expressed equivalently as the signal-to-noise 
ratio (SNR) improvement or the signal-to-background ratio (SBR) improvement. 

The signal amplitude and the background level are calculated by setting FgipQ = 4>s and Fa<po = 4'a and 
by assuming (to -|- n) to be odd. Then Eq. becomes 


(l)d{x) = A{{ts - rs)(j)s{x) -I- {ts + rs)(j)a{x)) , 
up to a complex multiplier of unit modulus. 


(14) 
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In order to calculate the signal-to-background ratio improvement, it is not necessary to integrate the 
intensity over x. Instead, we note the fact that the sum of intensities on a symmetrical pair of points 
{—x,x}, i.e. \(j)d{x)\'^ + \(j)d{—x)\'^, is proportional to the total light power incident onto the QPD, and is 
given by 


\Mx)\'^ + \(l>d{-x)\'^ = 2{{ts - rs)'^\(j)s{x)\'^ + {ts + rs f\(j)a{x)\'^) « 2{ts - rs)'^\(j)s{x)\‘^ , (15) 

where we used the experimentally valid hypothesis of sufficiently small oscillations of the particle, i.e. 

\Mx)\^«\Ux)\^- 

On the other hand, the “X-signal” in the QPD detector is in general proportional to the difference of the 
intensities 


\4’dix)\‘^ - \(l)di-x)\‘^ = - Rs)Re{(j)s{x)4>a{x)*) . 


(16) 


In our case of \(j)a{x)\^ |(/)s(a;)P, we can use the right-hand side of the Eq. (15). Then, the signal-to- 

background (SBR) ratio {ksbr-sagnac) becomes 


, _ I0d(a;)p - |(()d(-a;)P _ ^ 4 + r* Re{^s{x)(l)aix)*) 

sbr-saguac | 12 + | 12 ’ - r/ \Ux)? ' ^ ^ 

The degenerate case when tg = tp = 1 and Xg = Xp = 0 (i.e. no interferometer) corresponds to typical 
back-focal-plane interferometry. The signal-to-background ratio (kgbr-bfp) is then given by 


_ \Mx)\^ - IM-xW _ o Re{(l)g{x)<pa{x)*) 

\cl,,(xW + \U-xW ' \MxW ■ ^ ^ 

Therefore, the use of a Sagnac interferometer allows to improve the SBR over the typical back-focal-plane 
interferometry by a factor of 


kgbr—sagnac 
kgbr—bfp 


tg + Xg 
tg - Xg 


(19) 


which can be linked with Eq. (13) to a SNR improvement of 


S ^ ^sagnac 

SNR^fp 


k u \ " 

^sor— sagnac \ 

kgbr—bfp J 


tg + Xg 
tg — Xg 


( 20 ) 


In our experimental case, the expression (19) gives a maximum achievable signal-to-background ratio im¬ 
provement factor of « 11.9 given the transmission and reflection coefficients of the Thorlabs BSW26 beam¬ 
splitter (i?s « 56.47%, Tg = 40.68%). This corresponds to a maximum signal-to-noise ratio improvement 
factor of « 140. 

As a verihcation of consistency, we may apply the above procedure to Eq. §, which is equivalent to 
calculating the SNR improvement for the experimental case of Taylor et al. 23 , and thus obtain 


\(l)d-ray{x)\‘^ + | ())d-raj/(“X) ^ = 2((t^ - x'^f\(l)g{x)\'^ + {t + x)'^\(j)a{x)\'^) « 2(t^ - r^)^ | (/)s (x) ^ (21) 

\(j)d-rayix)\‘^ - | ())d-raj/(“X) ^ = 4(t^ - x‘^){t + xf Re{(j)g{x)(j)a{xY) ■ 


Then, analogously with Eq. 0- we obtain the signal-to-background ratio for the experimental case of 
Rayleigh scatterers in 23 : 


kgbr—sagnac—ray 


= 2 


{t + xf Re{4>g{x)(j)a[x)*) 


{t - x f 




( 22 ) 


Finally, the signal-to-noise ratio improvement can be computed in analogy with Eqs. (19) and (13): 
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SNR 


sagnac—ray 


SNRbfp-r 


^sbr— sagnac—ray 
^sbr—hfp—ray 


{t + rY 

^2 _ J .2 


{^/t + VrY 

(T - RY 


(23) 


which is exactly the result obtained by Taylor et al. 23 . 


4 Results and discussion 


4.1 Particle generation and levitator-assisted trapping 

The inkjet cartridge-based particle generation with evaporative diameter reduction proved to be reliable over 


several months of operation. Due to the abundance of nozzles (over 50) in the cartridge 19 , problems with 
a non-working nozzle, e.g. due to clogging, were easily solved by using an alternative nozzle. By using a 
mixture of 5% glycerol in water, stable droplet generation of particles with a constant diameter of 11 ± 1 
/rm (average over 5 measurements) was achieved. Their sizes were measured by using diffraction patterns 
similar to the one shown in Fig. as described in section [2^ 

The levitation-assisted delivery greatly simplified the trapping of droplets into the horizontal counter- 
propagating optical tweezers. The illumination of the whole stream of falling droplets, as in Fig. provided 
us with a visual feedback on the cartridge’s orientation during hne adjustments. Normally, 30-50 droplets 
had to be generated to finely adjust the cartridge orientation in order to compensate for mechanical drifts. 
After this adjustment all the subsequent droplets descended into the levitator trap where they were trapped. 
By eliminating the remaining long-term mechanical drifts, it should be possible to achieve automatic “trap 
on demand” operation with single droplets. 


4.2 Position measurement and improvement of signal-to-background ratio 

TtI, i.e. is the ratio of the signals 

(24) 


The signal that we obtained was normalized to be consistent with Eq. 
obtained from the QPD detector 

A 

Xnorm - , 

where X is the difference of power between the left and right halves of the QPD detector and SUM is the 
total power arriving at the detector. The data expressed in this way is effectively the signal divided by the 
background and thus, can be used directly to compare the typical BFP measurements to the Sagnac-enhanced 
BFP measurements. 

Figure shows typical curves of the normalized position signals, as specified by the Eq. (24). The side 
pressure laser is applied with a frequency of 130 Hz and duty cycle of 10%. The red curve in the figure 
displays the measured normalized position using the BFP interferometry whereas the green curve displays 
the same quantity using Sagnac-enhanced BFP interferometry. 

The particle position signal shows a typical response of an underdamped harmonic oscillator to a periodic 
rectangular-wave external force (blue curve in Fig. [^. This is expected as the damping ratio is much less 
that one for a 11-micrometer particle in air trapped in optical tweezers with a total laser power of IW. The 
small structure during the laser-on period, shown as two small bumps in the power signal (blue) is due to 
mode-jumping in the side-pressure laser during the modulation. These power fluctuations give rise to similar 
bumps in the particle position (green and red). 

Note the fact that the oscillations in the normalized “typical BFP” signal, as shown in Fig. a re much 
smaller than unity. This justifies our use of the small-oscillations approximation in the section [3.3| 

After acquiring the Sagnac-enhanced signal together with its corresponding “typical BFP” signal, we 
divided the Sagnac-enhanced waveforms over the “typical” BFP waveform. The resulting dataset represents 
the ratio between the two signals at every timestep. Assuming this ratio to be constant and considering the 
uncertainty associated with our acquisition system, we calculated a SNR improvement of 5.6 ± 0.1, which 

The theoretical limit for the improvement, as calculated 
In practice, this value will be reduced due to the imperfections of 


is consistent with the theory shown in section 3.3 
in section [3)^ is approximately 11.9. 
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Fig. 6: Comparison between the normalized position signals obtained with the traditional BFP inter¬ 
ferometry (red) and Sagnac-enhanced BFP interferometry (green). The side-pressure laser power (blue, 
arbitrary units) is driven by a 10% duty cycle, 130 Hz TTL wave. 


the setup, such as the sub-optimal performance of our aspherical lenses at a wavelength of 532 nm and the 
imperfect mode matching in the interferometer. The mode-matching can be suboptimal if, for example, the 
overlap between the CW and CCW beams is not complete or in the case where the beams are not ideally 
centered on the aspherical lenses. 

Finally, compared to typical back focal plane interferometry, the signal-to-shot-noise improvement corre¬ 
sponding to our measurements is more than 30-fold according to Eq. (13). 


5 Conclusion 


We have extended the theory presented by Taylor et al. 23 to a case of arbitrarily-sized spherical particles 


trapped in orthogonally-polarized counter-propagating optical tweezers. We experimentally demonstrated 
a significant improvement in the signal-to-background ratio for position detection of 11 /xm-sized particles 
by embedding counterpropagating optical tweezers into a Sagnac interferometer. The results are consistent 
with our theoretical prediction, thus validating our approach. The obtained data indicate an increase of 
signal-to-shot-noise ratio of more than 30 times compared to typical back focal plane interferometry. 


We have constructed a system based on a low-cost commercial inkjet cartridge 19 and an optical levitator 
that could efficiently generate, trap and guide into the optical tweezers single glycerol droplets in air, 
while having precise evaporation-based control of droplet sizes. By eliminating the remaining long-term 
mechanical drifts in this system, it should be possible to achieve automatic “trap on demand” operation 
with single droplets. 

We hope that our results will be useful for experiments requiring improved resolution in BFP inter¬ 
ferometry position detection for spherical particles in the Mie and geometrical optics regimes, such as the 


counterpropagating setup for center-of-mass motion cooling of 3 /xm particles shown by Li et al. in 13 
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